Regional air pollution is significantly associated with the dominant weather systems. In 14 this study, the relationship between the particle pollution over the Yangtze River Delta (YRD) 15 region and the weather patterns is investigated. Firstly, the pollution characteristics of particles 16 (PM2.5 and PM10) in YRD are studied by using the in situ monitoring data in 16 cities from 17 YRD, indicating that PM2.5 is the overwhelmingly dominant particle pollutant. The wintertime 22 peak of particle concentrations is tightly linked to the increased emissions in the heating season 23 and the poor meteorological condition. Secondly, based on NCEP reanalysis data, synoptic 24 weather classification is conducted to reveal that the weather patterns are easy to cause heavy 25 pollution in YRD. Five typical synoptic patterns are objectively identified, including the East 26
Introduction 42
The high occurrence of regional particle pollution is acquired worldwide attention in the 43 scientific community (Malm et Among them, the emission of pollutants and weather conditions are two major contributors (Oanh 47 and Leelasakultum, 2011; Young et al., 2016) . Particle pollution in urban agglomerations is 48 primarily attributed to the huge amounts of anthropogenic emission of primary particles and other 49 precursors (SO2, NOx, and VOCs, etc.). However, the emission source groups are normally 50 quasi-stable within a certain period of time (Kurokawa et al., 2013 ). Thus, the pollution level in a 51 certain region generally depends on the regional weather conditions (weather patterns), which are 52 strongly correlated with the synoptic-scale atmospheric circulation (Buchanan et 
156

Synoptic weather classification 157
Synoptic weather classification refers to the analysis of historical weather charts and 158 characterization of weather systems. It has widespread applications in the weather forecast, and is 159 more effective for the disastrous weather forecast due to its intense atmospheric circulation 160 situation. With the gradual popularization of computer and greater sharing of data, synoptic 161 weather classification has great practical value in many other research fields, for example, the 162 field of analyzing the weather patterns related with air pollution (Mcgregor and Bamzelis, 1995; 163 Zhang et al., 2012; Santurton et al., 2015) . 164
Methods of synoptic weather classification can be generally divided into the objective and 165 the subjective methods (El- Kadi and Simithson, 1992) . In this study, we apply the sums-of-squares 166 technique, which is one of the objective classification methods and established in 1973 by 167 Kirchhofer (Kirchhofer, 1973) . The sums-of-squares technique can effectively categorize more 168 than 90% of the analyzed weather maps, which is an improvement over the correlation techniques 169 (Yarnal, 1984) . The steps of applying this technique are threefold. Firstly, the daily pressure data 170 at grid points are normalized as follows: 171
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-473 Manuscript under review for journal Atmos. Chem. Phys. where Zi is the normalized value of the grid point i, Xi is the value at grid point i, X is the mean 173 of the study domain, and s is the standard deviation. Data normalization removes the effects of 174 pressure magnitude and improves the seasonal comparability of weather types. Secondly, each 175 normalized grid is compared to all other grids on the basis of the Kirchhofer score (S) for each 176 grid: 177
where Zai is the normalized value in grid i on the day a, Zbi is the normalized value in grid i on the 179 day b, and N is the number of grid points. The Kirchhofer score (S) is calculated for each row 180 (denoted as SR), each column (SC) and the entire study domain (ST) to ensure the pattern similarity 181 between any pair of patterns for all grid points. Finally, all days are separated into one of the 182 identified synoptic weather patterns according to the three values and empirically derived 183 thresholds. Thereinto, the values of SR, SC and ST must be lower than their respective threshold 184 values so that the patterns can be accepted as similar (Barry et al., 1981) . For each daily grid, the 185 lowest significant Kirchhofer score (S) is recorded with the associated key day denoting the 186 synoptic type of the day. Remaining days are considered as 'unclassified'. 187
The dataset of meteorological field used in the sums-of-squares technique is from 188 NCEP-DOE AMIP-Ⅱ Reanalysis 2 data (Kanamitsu et al., 2002) With the development of modern industrialization and urbanization, the contrasts of 221 atmospheric pollution levels between each city decrease gradually, and the heavy air pollution 222 episodes tend to exhibit significant regional pollution characteristics. the national standard, which may be attributed to the fact that it is located on the island where the 262 air is more likely influenced by the clean marine air masses. 263
To reveal the important role of PM2.5 in particle pollution, the ratios of PM2.5 concentration to 264 PM10 concentration (PM2.5/PM10) are calculated over YRD. As listed in Table 1, Fig. 4 shows the annual mean diurnal variation of PM2.5 (Fig. 4a) and PM10 (Fig. 4b) in 16  289 cities over YRD. Obviously, the diurnal cycles of particle concentrations in most cities follow the 290 similar pattern. The PM2.5 concentrations maintain comparably high values from 0:00 to 8:00. 291
From then on, coinciding with more vehicle emission in rush hours, the concentrations go up 292 rapidly from 8:00 to 12:00. After reaching the peak, PM2.5 concentrations decrease and keep the 293 low values until the sunset. During the nighttime, the pollutants get accumulated until the 294 midnight, which might be attributed to the more stable atmospheric stratification in the boundary 295 layer. In comparison, there are two peaks in the diurnal cycles of PM10 concentration in several 296 cities. The broad morning peak of PM10 concentrations is more evident from 8:00 to 12:00, and 297 the evening one occurs around 20:00. Besides, the diurnal change of particle concentrations in the 298 southeast coastal area like Zhoushan is much smaller. As discussed in Section 3.1.1, the difference 299 might be related to its special geographic location, low pollution level and less emission of 300 which is more obvious in the monthly variation of PM10. The causes result in the wintertime peak 310 of particle concentrations can be explained by two factors. One is the enhanced pollutants 311 emissions from residential heating. The other is the stable and poor meteorological conditions that 312 limit the dilution and diffusion of atmospheric pollutants. For the peak appearing in March, the 313 drivers may be associated with dust storms events in spring (Zhuang et Table 2 shows the typical regional severe particle pollution episodes (no less than 3 days) in PM10 pollution were found in more than 10 cities. It seems that high PM2.5 level pollution episodes 338 are remarkably associated with high PM10 level pollution episodes. Moreover, the regional PM2.5 339 pollution episodes occurred much more frequently than the PM10 pollution episodes. It might be 340 owing to the fact that fine particles dominate the composition of particles in YRD (as discussed in 341 Section 3.1.2). 342 343 
Synoptic weather classification 347
To examine the relationship between the regional severe particle pollution in YRD and the 348 weather situations, the synoptic weather classification is carried out from December 2013 to 349
November 2014 in this work. Follow the method described in Section 2.2, we conduct the 350 classification of synoptic weather pattern by using the dataset of geopotential height at 850 hPa 351 collected from NCEP gridded data. As shown in Table 3 
Effects of synoptic weather patterns on particle pollution 377
Relationship between synoptic weather pattern and particle pollution 378
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occurrence frequencies of the five typical synoptic patterns during the regional severe particle 380 pollution episodes are calculated. As shown in Table 4 , during the regional PM2.5 (PM10) pollution 381 episode days, Pattern 1 is the dominant synoptic weather pattern, with the occurrence frequency of 382 70.4% (78.3%). For PM2.5 pollution, Pattern 2 and Pattern 3 both occur for 14.3% of the days. For 383 PM10 pollution, Pattern 2 (6.5%) appears less frequently than Pattern 3 (15.2%). The occurrence 384 frequencies of Pattern 4 and Pattern 5 are less than 1%, and can almost be ignored on that account. 385
According to Table 3 and Table 4 , the occurrence frequency of Pattern 1 during the regional 386 particle pollution episodes is obviously higher than its occurrence in the whole year. In contrast, 387 the occurrences of Pattern 2 and Pattern 3 during the regional particle pollution episodes are less 388 frequently than those throughout the year. Moreover, Pattern 4 and Pattern 5 appear far less 389 frequently during the regional particle pollution episodes than their appearance within a year. To 390 sum up, it suggests that the weather situation of Pattern 1 is more beneficial for the formation of 391 large-scale regional particle pollution in YRD. In the vertical section (Fig. 6b) 
445
As for Pattern 2, two low-pressure centers are centered in the central China and the north of 446
Inner Mongolia region, the East China Sea is influenced by a high-pressure system, and a 447 depression inverted trough extends and covers the YRD region in latitude (Fig. 7a) . Consequently, 448 in YRD, the strong southwest air flows from southern China meet with the southeast air flows 449 from the East China Sea. After the convergence of air masses, they jointly transport pollutants 450 northwestward. sources of YRD, which may be related with the short-range air masses transport. The air masses 454 from the East China Sea are very important, because the clean marine air masses may dilute the 455 particle concentrations in YRD. For the vertical structure (Fig. 7c) For Pattern 3, it tends to occur in winter (36.4%, as displayed in Table 3 ). Under this 470 circumstance, the Qinghai-Tibet Plateau is usually regarded as a cold source. A strong cold 471 high-pressure system is formed in the lower layer of the plateau, accompanied by an anti-cyclonic 472 circulation (Fig. 8a) . Meanwhile, the northeastern China is under the steering influence of the 473 high-pressure ridge. A transversal trough covers the YRD region, and its axis orienting from the 474 northeastern sea areas to southwest inland areas. Affected by the strong northeast wind from the 475 Yellow Sea, the polluted northwest air flows in the north of transversal trough are slowed down. 476
The above discussion is further proved by the results from back trajectory calculations. As 477 suggested in Fig. 8c , most air masses in clusters are from the Loess Plateau, with the percentage of 478 31%. The transport path of this cluster is relatively short, which might be attributed to the 479 weakened northwest wind. The long-range transport of air masses from remote Mongolia also 480 accounts for 22% of all trajectories. Besides, the local transport of air masses from the southeast 481 coastal area in YRD accounts for 26%, which is associated with the northeast air flows. The 482 marine air masses cluster originates from western Pacific via the Yellow Sea accounts for 4%. 483
They both bring the clean marine air masses to YRD, which is somewhat beneficial to the 484 mitigation of particle pollution in YRD. For the vertical structure (Fig. 8b) 
498
With respect to Pattern 4, the study domain is totally under the control of a high-pressure 499 system (Fig. 9a) . The anti-cyclonic circulation prevails over YRD and horizontally brings the 500 clean marine air masses to the land. Accordingly, influenced by the high-pressure system, the 501 downward atmospheric motion dominates in the vertical direction obviously (Fig. 9b) . The weak 502 updrafts near the surface may be related to the regional thermodynamic circulation. As shown in 503 Bay (25%), from Japan via the Yellow Sea (23%), and from the Philippines via the East China Sea 506 (5%) are also representative. These clusters passing over the ocean areas totally account for more 507 than 50% of all trajectories. Therefore, under this weather situation, it is confirmed that the 508 dilution effects of clean marine air masses play great roles in the particle pollution over YRD. 509
Pattern 3
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514
Finally, Pattern 5 features the most complex circulation situation (Fig. 10a) . The northeastern 515
China is controlled by a cold eddy system. The central China is impacted by a high-pressure ridge. 516 A strong tropical low-pressure system is located around Luzon. At this time, YRD is located in the 517 south of the central high-pressure system and north of the strong tropical low-pressure system. 518
The horizontal southeast wind prevails and carries clean marine air masses from the East China 519 Sea to YRD. At the same time, upward air flows are dominant and comparatively weak (>-3×10 -2 520
Pa s -1 ) in the lower troposphere (Fig. 10b) . According to Fig. 10c , the cluster with the largest 521 frequency of 45% consists of the wet air parcels from Japan via the Yellow Sea. Only 5% of the 522 trajectories originates from the Philippines and pass over the East China Sea. On the whole, the 523 weather systems in Pattern 4 and 5 are both mainly influenced by the clean marine air masses, and 524 largely beneficial to the diffusion of the pollutants. 525
Pattern 4
530
To sum up, under the influence of weather system of Pattern 1, the particle pollution in YRD 531 is largely affected by the transport of pollutants from the south and north inland regions of China. 532
This weather situation is extremely not favorable to the diffusion of air pollutants, and responsible 533 for the most large-scale particle pollution episodes over YRD. As for Pattern 2 and Pattern 3, the 534 polluted air masses mainly travel from inland areas, and synchronously meet with the clean 535 marine air masses in YRD. To some extent, this weather situation is helpful to the mitigation of 536 particle pollution in YRD. With respect to Pattern 4 and Pattern 5, YRD is directly influenced by 537 the air flows traveling from the ocean areas, and has little chance of being polluted. It suggests 538 that the clean marine air masses have great dilution impacts on the particle pollution over YRD. 539 540 541
Conclusions 542
Pattern 5
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-473 Manuscript under review for journal Atmos. Chem. Phys. In summary, the above results reveal that the particle pollution in China is no longer a thorny 575 issue over a single city, but over a regional scale. This study can enhance the understanding of 576 features of particle pollution in East Asia. Meanwhile, it also confirmed that large-scale synoptic 577 weather systems have great impacts on region particle pollution episodes. Therefore, the 578 establishment of the potential links between different levels of particle pollution and predominant 579 synoptic patterns can provide an insightful view on formulating pollution control and mitigation 580 
